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Identification and Analysis of the Far-Infrared Laser Magnetic
Resonance Spectrum of the HS, Radical’
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Boulder, Colorado 80303, and t Physical Chemistry Laboratory, South Parks Road,
Oxford OX1 3QZ, United Kingdom

The first observation of the far-infrared laser magnetic resonance spectrum of the HS, radical
in its ground 24" state is reported. The radical was produced in the gas-phase reaction between
fluorine atoms and hydrogen sulfide, H,S. Spectra associated with several different rotational
transitions (with values of N up 1o 30 and K, up to 4) have been identified and analyzed to give
an improved set of molecular parameters. In particular, the value for the centrifugal distortion
constant Ag of 24.339(10) MHz is significantly different from the value assumed by S. Yamamoto
and S. Saito (Can. J. Phys. 72, 954 (1994)) in their earlier millimeter-wave study. Zeeman pa-
rameters have also been determined. © 1995 Academic Press, Inc.

INTRODUCTION

Much effort has been put into the investigation of the HO, radical, both from the
point of view of its spectroscopy (I, 2) and also its kinetics ( 3). This is understandable
given the importance of the HO, radical in both atmospheric and combustion chem-
istry. Its sulfur analog, the HS, radical, has received scant attention by comparison.
This may be due in part to the difficulties inherent in the detection of the spectrum
of a heavy asymmetric-top free radical. Not only is the steady state concentration of
a short-lived radical in the detection region likely to be low but also the total spectral
intensity is spread over a large number of rotational lines.

The first spectroscopic observations on HS, were made in 1950 when a transient,
diffuse band system was observed in absorption between 315 and 380 nm in a flash
kinetic experiment on H,S (4); this band system has not yet been assigned. The
A2A" < X24” system at 1.30 um has also been recorded in emission at rather low
resolution ( 5) and a number of vibrational constants have been determined. The band
contour analysis of these observations was based upon the previous theoretical work
of Sannigrahi et al. (6). Recently, the millimeter-wave spectra of the HS, and DS,
radicals have been reported (7) and compared with further ab initio calculations (8).
In the present work we have identified a contaminant spectrum in an earlier study of
the SH radical (9) as being due to the HS, radical. This has allowed us to make further
observations of HS, throughout the 305- to 170-um region. The observed resonances
have been modeled with an asymmetric-top effective Hamiltonian to derive a set of
parameters for HS, in the X 24" state. These parameters are discussed with respect to
the structure of the HS, radical and its analogs.
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EXPERIMENTAL DETAILS

The far-infrared laser magnetic resonance (LMR) spectra were recorded at the
Boulder laboratories of NIST using an LMR spectrometer which has been slightly
modified from that described previously (/0). In the present spectrometer the output
power was coupled from the beamsplitter, which divides the sample region from the
laser gain region. The arrangement is shown in Fig. 1. The beamsplitter is held taut,
in the central region only, by a metal frame. The frame can be rotated through a few
degrees so that the outcoupled power may be adjusted. An external mirror is attached
to the spindle on which the beamsplitter is rotated and held at 90° to it. This keeps
the outcoupled beam parallel to the axis during adjustment.

The HS, radicals were produced continuously in the detection region by the reaction
of H,S with fluorine atoms. The fluorine atoms were created in a microwave discharge
in 400 mTorr (0.53 Pa) of 5% fluorine in helium diluent. The reaction region was
wrapped with heater tape to prevent sulfur deposits forming on the walls of the cell
in the vicinity of the gas input. In most cases warming the cell walls enhanced the
signal-to-noise ratio.

The maximum signal-to-noise ratio was around 500:1 with an output time constant
of 0.3 sec. Under these conditions quartets were observed, which are probably due to
338 puclear hyperfine structure (7 = £) in HS, isotopomers containing one **S atom,
present in natural abundance (0.75%).

The magnet used was a 15-in. Varian electromagnet capable of generating a flux
density of up to 1.8 T. The Zeeman modulation was applied using a pair of Helmholtz
coils strapped to the sides of the sample region. The magnetic flux densities were
measured with a Hall probe which was calibrated with an NMR gaussmeter.

OBSERVATIONS

The transitions observed in the present study are summarized in Table I together
with the laser lines used. All the observations were made in = polarization; thus AM,
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FI1G. 1. A cross-sectional view of the far-infrared LMR spectrometer used in this work. The lasing gas 1s
confined to the left-hand portion of the laser cavity by the polypropylene beamsplitter which is adjusted
close to Brewster’s angle. The sample of HS, gas is generated in the center of a large electromagnet in the
right-hand portion of the cavity. A small fraction of the laser power is coupled out through reflection off the
surface of the beamsplitter and is focused onto a bolometer detector.
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TABLE 1

Summary of Transitions Observed in the Far-Infrared Spectrum
of HS, by LMR

Laser line
Assignment  Frequency/GHz ~ Pump Afpm Gas

624 — B1s 980.5916 9R(8) 305.7 CH;0D
827 — Tie 980.5916 9R(8) 305.7 CH;0D
105 — 95° 1016.8972 9R(8) 2948  CH,0D
b 1338 9R(34) 224.0°  BCH,F,
30205 — 20126 1385.6461 10P(24) 2164  “CD,;0D
30228 — 29, 25 1397.1186 9R(34) 214.6 CH,F,
55 — 5y¢ 1419.0493 10R(4) 211.3 CH;0H
331 — 322 1472.1994 10R(16) 203.6 I3CH,OH
1139 — 1045 1632.6669 9P(10) 183.4 CH,DOH
153,12 — 142,13 1668.0350 10R(4) 179.7 CH,0H
22418 — 233,21 1668.0350 10R(4) 179.7 CH30H
2215 — 23320 1668.0350 10R(4) 1797  CH;OH
1047 — 113 1821.3352 9P(16) 1646  CH;0OH

2 Transition assigned but not included in the fit.

® These spectra are attributed to HS, on the basis of chemical be-
havior and the characteristics of the spectra.

¢ Laser line not previously reported. Wavelength measured from
micrometer calibrated with known transition.

4 K-doubling not resolved.

= ( transitions were observed. Without exception, the spectra are far more complex
than this table suggests. Only the features forming obvious series of lines received
detailed attention. The complexity can be seen in Fig. 2 where the high field region
of the 179.7-um survey scan is shown. There are four series of strong lines which have
been assigned. In addition there are many weaker signals, mostly at lower flux densities.
These were not assigned and many are probably due to the isotopomers of HS, (*%S,
95.02%: S, 0.75%:; *S, 4.21%).

We were able to resolve the K-doubling in all of the recorded spectra except the
164-um spectrum where the tuning rate was low (i.e., the spectral lines were broad)
and the K-doubling was relatively small. In Fig. 2 the doublets at high field assigned
to the N = 22 « 23 K = 4 « 3 transition are K-doublets. In favorable cases the
proton hyperfine splitting was almost completely resolved. This can be seen in Fig, 3,
where part of the 179.7-um spectrum 1s expanded.

The hyperfine splitting is also obvious in Fig. 4 where a single Zeeman “‘branch™
is shown. This is the spin-state partner to the original observations of a contaminant
spectrum in the far-infrared LMR spectrum of SH (9). Unfortunately, the original
observations were not repeated because the laser line required could not be made to
oscillate. Some of the additional signals may be due to other species in the discharge.
However, small leaks in the vacuum system occurred from time to time and usually
had a marked effect on the appearance of the spectrum. The effect on the chemistry
in the sample region was confirmed by adding small amounts of oxygen below the
discharge region. In these cases we might expect species such as HSO, SO, and possibly
HOS, HO,, or FO to be formed. We were able to distinguish between these oxygen-
bearing species and the spectra due to HS; by such chemical tests.
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N=15=-14 K=3=—2

e G . I -
1 1 15
+<——'L '1; 25
1 1 5
N=22=-23 K=4=—3
T
179.7um
T polarisation
a8 10 12 1% % 8
Flux (T)

FIG. 2. A portion of the far-infrared LMR spectrum of the HS, radical in its ground %4” state recorded
with the 179.7-um laser line of CH;OH in r-polarization (AAM; = 0). The difference in K-doubling between
the K = 3-2 and K = 4-3 subbands can clearly be seen. The numbers on the grids denote the values of the
M, quantum number assigned to the individual transitions (2M).

ANALYSIS AND LEAST-SQUARES FIT

In many earlier studies by LMR, the spectra have been assigned in a relatively
straightforward fashion, using previously determined parameters and a predictive
computer program. In this case, however, the previous work in the millimeter-wave
region (7) was not extensive enough to determine the AK, = +1 subband origins
accurately. Only K, = {-0 transitions had been detected so it was not possible to
determine the parameter Ax. This parameter was absorbed into the 4 rotational con-
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FIG. 3. An expanded view of part of the far-infrared LMR spectrum of the HS, radical in its ground 24"
state recorded with the 179.7-um laser line of CH3OH in w-polarization (AM; = 0). The numbers in the
figure denote the M, values assigned to the individual transitions. The M, = % and M, = % signals show a
small doubling which arises from the proton hyperfine structure. This structure is not resolved in the broader
signals.
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FIG. 4. A portion of the far-infrared LMR spectrum of the HS, radical in its ground %4” state recorded
with the 214.58-um laser line of CH,F, in w-polarization (AM, = 0). The numbers on the grid denote the
values of 2M, assigned to the individual transitions.

stant which was therefore 4.4 = A — Ag. Predictions of the K-subband origins with
these parameters would, therefore, become increasingly unreliable with increasing K.
The initial predictions of the zero-field spectrum of HS, in the far-infrared region
were carried out with a value of Ag = 25 MHz, estimated from the values for HO,
(171) and HSO (/2). When an appropriately close coincidence between a molecular
transition frequency and a laser frequency had been chosen, a prediction of the Zeeman
pattern was made. The g-factors required were estimated from the expressions

€
aa — _ @ 1
gs" = gs 3B (nH
— | €aal
=, (2)
£ ¢

in the standard notation (/3). The parameter { was taken to be 382 cm™', the spin-
orbit coupling constant of atomic sulfur (/4). After a tentative assignment had been
made, the M, values were assigned for individual transitions. In the present work this
was complicated because of the nonlinearity of the Zeeman effect. It can be seen in
both Figs. 2 and 4 that the Zeeman branches form heads. We used two different
methods to assist in the assignment. The first was a simple graphical method. The
variation of molecular transition frequency with applied field was calculated and plot-
ted. The expected Zeeman patterns and their dependence on the difference between
the calculated zero-field frequency and the laser frequency can be easily seen. The
second method was that developed by Hougen for the analysis of the LMR spectrum
of the HO, radical (15). This involves fitting trial M, values to a simple quadratic
expression in M and flux density. The variable parameters may be related to molecular
splittings but this was not necessary for the present work. This approach was applied
successfully to the analysis of the far-infrared spectrum of HO;. In the present work,



TABLE lla

Results of the Refit of the Millimeter-Wave Data of the HS, Radical
in the (0, 0, 0) Vibrational Level of the Ground X24” State

Niare — Nroro [24° 20" F' F"| Frequency® [av® NioKe — Nroke |23 27" | F' F'" | Frequency® [av®
909 — Bo.s 15 7 141 824148 | 8 16313 - 152.12° | 33 31 253487080 | 4
90,9 — 8o, 17 15 142.025731 17 163,13 ~ 153,12° 31 29 250.813588 -8
915 - 8,8 19 17 141.453887 | 12 164,13 — 154,12° 31 29 250.038201 2
9.0~ Byp 17 15 140.325661 | 39 1651y — 155,10 | 31 28 249 324765 | -7
9 a- 811 19 17 143.312745 | 12 17047 — 16016 | 35 33 267.830064 | -40
91,0 - 817 17 15 142 398631 | 35 170,17 = 160,16 33 31 267.992721 | -27
924~ 837 19 17 143524816 | -8 170401 16,16 | 35 33 266263175 | -41
928 — Bar 17 1s 140040187 | 34 17507 - 16016 | 33 31 265.987330 | 25
920 — Bae 19 17 143 537000 |-20 170,06 - 161,15 | 35 33 269 952169 | 27
917 - B 17 15 140057027 | 1 17106~ 16,15 |33 31 269812618 | 4
937 — 83.6° 19 17 144616794 | 10 17216 — 162,15 35 33 268517494 | -9
951~ BseS |17 15 138.855207 | 9 1720 — 16215 | 33 31 267.373536 | 3
936 — 83s° 19 17 144.616771 [ -28 172,15 — 163,14 a5 33 268.609278 | 34
936 — 835° 17 15 138 855323 | 10 172,15 = 163,14 33 31 267 481836 | 30

100,10 — Ya.s 21 13 157.585782 | -13 173,14 — 163‘13Q 35 33 269.120237 | 14
106,10 — Y0.9 19 17 157 785933 | 12 173,14 = 163, 13° 33 31 266.700070 | -35
10,10 - 9.9 |21 19 157.016913 | 7 17515 — 165.14° | 35 33 269119813 | 15
10110~ 918 |19 17 156.101436 | 15 173,05 — 163,12 | 33 31 266.699508 |-35
10;s - 918 21 19 159.096099 |-10 17413 — 164,12° 35 33 269.706377 | 20
10,9~ 914 18 17 158 394683 | 5 17013 = 164225 | 33 31 265.955688 | 2
1029~ 924 21 19 159059317 | -7 17503 — 165,125 | 35 33 270.240419 | 9
1020 — 928 15 17 156.083319 | 24 175,13 — 165,42 | 33 31 265255055 | 9
1050 = 927 20 19 159 076465 | -14 180,18 — 170,47 | 37 35 283.563668 | -5
102,84 — 93,7 19 17 156.106186 | -23 180,18 ~ 170,17 35 33 283.671871 |-16
1058 — 9525 121 19 160 083668 | -39 181,46 - 1747 | 37 35 281882906 |-10
1038 ~ 93,7° 19 17 154.956764 | .13 18108 — 17117 35 33 281.645597 | 47
103,72 — 93.6° 21 18 160.083694 |-38 18147 — 17,16 37 35|19 18 | 2B6.725847 |-29
103,72 - 9a,6° 19 17 154 956806 | -12 183 37— 175,16 36 34 {18 17 ) 286.720463 )-24
1046 — 94.5° 21 19 160.914570 [-33 18y .47 = 17116 35 33 285.688755 |-21
1046 — 9485 |19 17 154.047397 | 6 183,17~ 17216 | 37 35 284.204186 [-13
150,15 — 140,14 31 29 236.349920 {-25 182,17 - 172,16 35 33 283.189544 |-12
15045 — 14044 | 20 27 236.536045 | 11 18306 — 17245 | 37 35 284.313781 | 37
15),15 — 145 54 31 29 235.025973 | -3 182,36 — 172,18 35 33 283.317621 -1
15515 — 145 14 29 27 234.649466 | 27 18316 — 173,35 37 35 284764302 | 10
15104 — 143 13 31 29 238.212048 | -2 18316 — 173,15° 35 33 282.568019 | 14
15014 — 14103 | 29 27 238 038257 | -16 18515 — 173,145 | 37 35 284.764874 | 10
15504 — 145,5 | 31 29 237.166267 |17 1835 — 175.44° | 35 33 282.568764 | 14
152,14 = 14213 29 27 235696887 | -4 184,15 — IT414° [ 37 35 285.312623 | 22
152,03 — 14312 31 29 237.228381 3 184,15 — 174,14° 35 33 281.854727 |-10
152,13 — 142,02 | 29 27 235.771857 (-17 18515 - 17512 | 37 35 285.821660 | 22
153,12 - 143.1.° 31 29 237.867692 | -1 185,13 — 175, 12° 35 33 281.168623 9
153,32 = 143, 1;° 29 27 234.906829 }-13 180,18 — 180,18 38 36 |19 18 | 298462549 | 22
153,12 — 143 12° 31 29 237 867472 | -1° 190,15 — 180,18 37 35 {18 I7 (298467892 | 24
153,13 — 143.12° 29 27 234.906523 |-16 19118 ~ 181,17 38 36 |19 18| 300.171655 {-18
154,11 — 144,10° 31 29 238 532480 | -22 4,3 — 40,4 8 8 4 4 | 302.145473 9
15401 — 144,10° 29 27 234.100608 |-14 41,3 — 40,4 7 7 3 3 {302.147377 {-43
155,11 — 145.40° | 31 29 239 112270 |-33 514 - Sous 10 10| s 5 |300891487 | 14
1551 — 14500 | 28 27 233 376872 | -7 514~ Sos s 9 (4 4 (300893288 32
166,16 — 150,15 33 31 252.092065 |-43 61,5 — 6o 12 12 6 6 | 300.215405 1
1816 — 15118 33 31 250643925 | 12 61y — 6o 11 11 5 5 | 300.217012 |-16
16, 16 — 151,15 31 29 250322274 | 43 716 — Tay 14 14 7 7 2998972179 | 16
162,15 — 152,14 33 31 252 837520 | 25 716~ Tov 13 13 6 6 299.973651 -6
162 45 — 155 14 31 29 251.543387 | -17 81.v— 8o 16 16 8 8 { 300.067859 9
162,14 — 15245 | 33 31 252913477 | 18 81.r~ Boa 15 15| 7 7 | 300069242 1
165,14 — 152,33 31 29 251.634025 3 918 — 909 18 18 9 9 300.440775 5
163,14 ~ 153,43° a3 3 253 486772 6 91,6 — 90,9 17 17| 8 8 | 300.442089 8
163,14 — 153,13 31 29 250813170 | -9 104,59 = 109,10 20 20 )10 10 | 301.049559 2

287
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TABLE Ila—Continued

Niarke — Nior, |27 22 { P! F" | Frequency®|Av® Niorke = Nrgwe [20' 20" F' F" | Frequency®(Av®
1059 — 100,10 19 199 9 [301.050809 [ 3 87— 808 16 16| 8 8 |286593397 |.14
Hlago=tilgu |22 22|11 11 |301.865944 | 12 104,9 — 100,10 21 21|11 11 |289.592914 | 3
L1150 — llg,11 21 21 {10 10 |301.867134 2 1039 — 100,10 20 20|10 10 | 289.592266 |-54
12) 11 — 120,12 24 24 [ 12 12 | 302.870246 |-21 10— 1o 23 23112 12 | 291.146560 -0
12y 11 ~ 120,12 23 23|11 11| 302.871427 | -2 11,10 — 1lo, 1y 22 22111 11 |291.145945 [.29

41,3 — 4o 9 5 5 | 280023298 | 50 120,00 - 120,32 | 25 25|13 13 | 292759774 | -9
41,3 — 4o 8 8 |4 4 [280.022622 19 12001 - 120,02 | 24 24 |12 12 | 292.759172 | .30
51.4— So.s 11 11| 6 6 |281.890120 | 24 181,07 — 180,14 | 36 36 | 18 18 | 305.324565 | 16
51, — 50,5 10 10 5 S 281.889446 |-13 18),17 — 18g,6 37 37 [19 19 ;305330486 | 39
61,5 — 6ge 13 13 7 7 283.550110 }-15 191,18 — 190,19 39 39 [ 20 20 | 306.205052 8
61,5 — 6g.6 12 12 6 6 283549496 -5 19, 18 — 190,19 38 38|19 19 | 306.203695 -2
716 — 70,7 15 15 ] 8 8 | 285.097324 |-11
76— Tor 14 14| 7 7 | 285.096729 )
8,7— 8oa 17 17| 9 9 | 286593999 |-14

9 Frequency given in GHz.
b Observed-calculated frequency given in kHz.
¢ Frequency adjusted to reproduce the K-doubling and weight adjusted accordingly (see text).

the best quadratic fit gave M, values which were at most =1 unit from those used in
the final assignment.

The preliminary work concentrated on the lowest frequency spectrum, recorded
with the 305.7-um laser line, because the extrapolation from the available parameters
would be most reliable at low K. The two spectra observed on this line were assigned,
using the techniques outlined above. Having assigned the transitions, we were able to
fit our data together with the millimeter-wave data. Thus a reliable value for Ag was
determined and the g-factors refined. With this revised parameter set, extending the
predictions and assigning the higher K transitions were both relatively straightforward.

The predictions and least-squares fitting of the data were both carried out using a
computer program which was developed by Brown and Sears (/6) and which has
been placed in the public domain as ASYTOP. At high N and K, the program di-
mensions were too small to handle the optimum basis set, so minor changes to the
code were made to expand the maximum size of the basis set. The effective Hamiltonian
used by this program was developed by Bowater et al. (13), who explain the derivation
of the matrix elements and the assumptions inherent therein.

The ASYTOP program allows a specific basis set to be allocated to each data point.
This is obviously a more efficient procedure than calculating all eigenvalues with the
largest basis set required. In most cases, a basis limited by AN = +2 and AK = %2,
evaluated with both odd and even values of K, was sufficient. At higher N, however,
the basis set had to be increased to include AK = 4,

The LMR data were fitted together with millimeter-wave data from Yamamoto
and Saito (7). We found that, although the K-doublets were not resolved in the mil-
limeter-wave experiment above K = 2, there was sufficient doubling to skew the fit
when only one of the two K-doublets was assigned to the observed frequency. We thus
calculated the appropriate doubling and included “dummy” lines in the fitat K = 3
so that the center frequency was the observed frequency but the K-doubling was still
reproduced. These lines were given half the weight of the other transitions.

Each LMR data point on the other hand was generally given one ten-thousandth
of the weight of the millimeter-wave data, reflecting the two orders of magnitude
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TABLE IIb
Results of the Fit of LMR Data of the HS, Radica!l in the (0, 0. 0) Vibrational Level
of the Ground X2A4" State
624~ 515, F2 - F,
980.5916 GHz 305.7 um 9R(8) CH,OD
M, M, Flux/T g_s_a Avc ] M,* My Flux/T gg" Av® g
572 7 074756 o0 | —o3s p 172 | <12 028717 59 0.48 2
/2 2 0.74693 —90 069 ) -3/2 1/2 028633 _59 0.22 2
9/2 | —1/2 0.64526 ~74 -0.63 2 -3/2 0.29340 =57 112 2
5/2 1/2 0 64464 -74 0.32 2 -5/2 0.30070 -54 2.01 2
772 | -1/2 | 058877 | -65 | -014 2 -7/2 030849 -52 L84 2
3/2 1/2 058811 -65 0.54 2 -9/2 0.31685 -49 0.68 2
5/2 ) -172 0.55551 ~59 -2.08 2 -11/2 0.32665 -7 2.25 2
12 2 0 55494 s9 | _osr . 53/2 025548 | —15.7 | -6 42 2
a2 | ~1y2 053792 sa | —113 ) 55/2 0.26261 173 | -7.44 2
—1/2 1/2 053712 ~54 | —113 2
172 -1/2 053193 -49 | -086 2
53 -5 F1 - F,
_3/2 1/2 053130 ~49 005 2
1419.0493 GHz 211 3 um 10R(4) CH,OH
12 | -2 053688 -43 | -oo9 2 = - v
M| M Flux/T 2y Av o
-5/2 1/2 0 53589 a3 | —o079 2
—9/2 0.42619 04 | -083 2
_s5/2 055296 ~38 | -136 2
_7/2 0.34468 05 | -142 2
~7/2 058594 ~32 | -129 2
—5/2 0.30787 06 | -147 2
5/2 032168 06 | -132 2
81 ~ Ty, £ — Fy /
7/2 0.36966 06 | -088 2
9805916 GHz 305.7 um SR(8) CH30D /
PR TS Frax/ T e VG pr 9/2 0.47944 0s 1.70 2
1372 i/z2 | 091810 145 | _z206 2
- 7 5 —-3.54 -
13/2 172 | 091748 14 3 2 Lo - 1028, Fs - Fy
172 1/2 0.51118 s 272 2 1632 6669 GHz 183.4 um 9P(10) CH,DOH
12| -1/ 0.91041 119 2.80 2 TERET) Flox/ T 22 e p
9/2 1/2 092242 101 0.76 2 YRR aoas = T .
o2y -1/2 0.92160 101 0.88 2 15/2 1/2 1.46412 _64 132 2
/2 1/2 0.94736 87 2ot 2 19/2 | -1/2 147480 —65 3.36 2
2| -1/2 0.94657 8.7 161 2 15/2 1/2 147389 _65 282 2
5/2 /2 0.98598 75 1.35 2 172 | -1/2 1.35038 ~56 0.59 2
sfe| -1/2 098518 75 091 2 13/2 1/2 1 34954 _56 065 2
3/2 1/2 1.03903 6.5 350 2 17/2 | —1/2 | 36176 s L o1 2
32 -1/2 103819 65 3.16 2 13/2 1/2 136065 _56 | —o0s1 2
172 1/2 1.11059 55 1.74 2 15/2 | —172 1.28431 -5.1 0.54 2
12 -1/2 1.10978 55 119 2 1172 1/2 1.28345 -51 0.49 2
-1/2 120574 46 | -283 2 15/2 | —1/2 1.27162 ~50 0.69 2
-3/2 138242 38 | -118 2 11/2 1/2 1.27072 _50 0.45 2
13/2 | -1/2 1.22929 a7 0.56 2
302,28 — 291 .20, F3 ~ F
228 139, T3 02 9 1/2 1.22843 —47 0.55 2
1397 1186 GHz 214.6 um 9R(34) CH,F,
I M Flux/T 2y b NS v} 11/2 1.22886 —4.7 0.56 2
“ ux v o
! ! k2] —9/2 1.22551 -23 0.93 2
15/2 | -1/2 025424 77 | —343 2
/ / -11/2 1.23989 —-21 0.74 2
1172 1/2 0.25347 ~77 | -34s6 2
7 % \ —11/2 127412 —21 0.85 2
132 | -172 | 025763 -75 | -3
/ / —13/2 129984 ~19 0.62 2
9/2 172 0.25686 ~75 | -389 2
/ / -13/2 1.33887 -18 1.04 2
2| -1z 0.26144 ~72 | -366 2
/ / —15/2 1.42593 -16 1.48 2
7/2 1/2 0.26074 72 | =314 2
/ / —15/2 1.38044 -16 0.67 2
92| -1/2 0.26581 -69 | -220 2
5/2 1/2 | 026504 69 | -z212 2
772 | —1/2 027082 67 | -111 2 331 — 332, Fa— Fa
3/2 172 0.26972 -67 -124 2 1472.1994 GHz 203.6 um 10R(16) '*CH;OH
572 | —1/2 | 027548 64 | -128 2 M M Frax/T o e pr
1/2 1/2 0.27475 ~64 [ -095 2 -5/2 0.04045 19 -1.94 3
3/2 | -1/2 0.28111 -62 | -0186 2 —3/2 0.07014 1o | —1es 3
—1/2 1/2 0.28027 62 | —~046 2
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TABLE IIb—Continued

155,12 — V42,13, F1 — £y
1668.0350 GHz 179.7 um 10R(4) CH3OH

224-233, F3 - F;
1668.0350 GHz 179.7 um 10R(4) CH3OH

M;® M; Flux/T 2 % ot M| M Flux/T 25 Ave o¢
3/2 0.92917 3.9 -1.35 2 19/2 1.43468 -49 ~-8.29 0
13/2 0.93230 5.0 -2.10 2 19/2 1.43686 -4.9 —~8.09 i
1/2 0.93933 3.7 -1.77 2 17/2 1.45641 -47 ~9.07 o
~1/2 0.95243 3.4 0.29 2 1772 1.45863 -47 -9.17 0
3/2 0.98060 3.9 -0.54 2 15/2 1.48132 -414 ~8.98 0
1542 1/2 0.98325 5.4 ~1.17 2 15/2 1.48331 —44 —10.61 0
15/2 | -1/2 0.98248 5.4 -1.50 2 13/2 1.50928 -42 -~9.35 0
19/2 1/2 0.98956 6.0 -2.16 2 13/2 1.51190 -4.2 —8.74 0
19/2 | ~1/2 0.98879 6.0 ~245 2 11/2 1.54010 —40 ~11.66 0
1/2 0.99282 3.7 2.47 2 11/2 1.54271 -40 —11.65 0
17/2 1/2 099957 5.8 -0.50 2 9/2 1.57459 -38 -13.51 o
17/2 | -1/2 0.99880 5.8 -0.82 2 9/2 1.57739 -38 -13.29 0
—1/2 1.01047 35 0.14 2 7/2 161324 -36 —14.24 0
—-7/2 1.01898 28 0.17 2 7/2 1.61608 -36 —14.45 0
-3/2 1.03180 32 0.30 2 5/2 1.65631 -34 —14.50 0
—-9/2 1.05151 2.6 0.77 2 5/2 1.65929 -34 -14.78 0
21/2 1/2 1.05559 6.7 —~1.34 2 3/2 1.70347 -32 —16.86 o
21/2 | —1/2 1.05469 6.7 -0.71 p) 3/2 1.70673 -32 -16.84 0
—-5/2 1.05771 3.0 1.38 2 1/2 1.75635 -30 —17.75 0
23/2 1/2 1.07223 7.1 —1.38 2 1/2 1.75983 ~-30 —17.68 0
23/2 | —1/2 1.07154 71 -2.14 2
23/2 1/2 1.10100 74 —2.06 2 303,08 — 29,30, F1 - F
23/2 | —-1/2 1.10021 74 —207 2 1385.6461 GHz 216.4 um 10P(25) '*CD3;0D
-9/2 1.12805 26 152 2 M | My Flux/T 85° Ave ot
—13/2 1.13917 22 1.58 2 33/2 1/2 0.29801 11.6 1.00 5
25/2 1/2 1.16568 85 0.46 2 33/2 | -1/2 0.29720 116 1.64 5
25/2 | -1/2 1.16491 85 0.38 2 31/2 1/2 0.30063 11.2 0.89 5
—-11/2 1.17447 2.4 1.88 2 31/2 ] -1/2 0.29988 11.2 0.89 5
~15/2 1.19830 2.0 1.63 2 29/2 1/2 0.30357 107 1.27 5
~13/2 1.23105 2.1 1.83 2 29/2 -1/2 0.30282 10.7 1.23 5
—17/2 1.27133 1.7 2.20 2 27/2 172 0.30694 10.3 0.98 5
-15/2 1.30032 1.9 1.94 2 27/2 -1/2 0.30593 10.3 3.70 5
25/2 1/2 0.31074 100 0.19 5
1047 — 1l3s, Fi1 = Fy 25/2 | —1/2 0.30999 100 0.12 5
1821.3352 GHz 164.6 um 9P(16) CH,OH 23/2 1/2 0.31486 9.6 0.09 5
M, M Flux/T % Av© o 23/2 | —1/2 031411 96 0.00 5
13/2 0.43820 11 0.02 2 19/2 1/2 0.32406 89 228 5
11/2 0.44875 11 -0.54 2 19/2 | -1/2 0.32332 89 2.10 5
9/2 0.46056 1.2 0.71 2 17/2 1/2 0.32942 8.5 2.37 5
7/2 0.47695 1.2 0.19 2 17/2 | -1/2 0.32868 85 217 5
5/2 0.49694 12 | -o0a4s 2
3/2 0.52036 1.1 -0.34 2
—-1/2 0.58291 11 0.26 2
-3/2 0.62578 1.1 —0.02 2
-5/2 0.67884 1.0 0.10 2
~7/2 0.74723 1.0 -0.48 2
-9/2 0.83593 0.9 —-0.47 2
~11/2 0.95575 09 -0.39 2
-13/2 1.12158 08 0.04 2

@ All transitions AM; = 0 and Al = 0.

® Tuning rate given in MHz/mT.

¢ Observed-calculated frequency given in MHz.
4 Uncertainty of measurement (MHz). An uncertainty of 0 implies zero weight in the fit.
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TABLE 1l

Molecular Parameters of the HS, Radical in the (0, 0, 0) Vibrational

Level of the Ground X24” Electronic State
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Parameter Value® Parameter Value?
A 296.979060(13)" by 0.0°
B 7.9963819(47) Py 0.0°
C 7.7767198(48) Gy x 107 0.321(12)
An % 10° 0.588684(62) oy x 10° 0.832(61)
Anp x 10° 0.233573(30) on 0.0°
Ap 0.024339(10) SN 0.0°
by x 10° 0.15580(28) i 0.0°
6 x 103 0.1390(24) Ly 0.0°
Caa -45.926824(34) | Ay, x 10 —0.6261(75)
b —0.4240583(83) Ay x 108 0.216(14)
oo 0.0098204(90) & x 10 0.0°
Heas + tsal 0.2346966(49) &5, 0.0
Aj o x 107 0.6429(22) 8 0.0°
ALy + Afy) x 10° ~0.64979¢
(0)n —0.02260(15) (ab)y —0.001783(26)
(aa)y —0.00598(15) (bb)ys 0.005892(30)
g% 2.07809(47) g2 x 10° ~3.996(66)
g% 2.0295(11) gt x 10% ~0.0548104
g5 2.0013(11) g& % 10° —0.018476
9N 5.5856912 |

* Parameter value in GHz where appropriate.

® Figures in parentheses are one standard deviation of the least-squares fit given in
units of the iast quoted decimal place.

¢ Parameter constrained to this value in the fit.

9 Parameter calculated from tensor (see text).

lower accuracy of the data. Some transitions included in the fit were given even
lower weights depending on the recordings which were used to make the measure-
ments. We were unable to reproduce the original data because the appropriate laser
line at 214.5 um could not be made to oscillate; a few transitions, from an earlier
recording, have been therefore included. These were weighted an order of magnitude
lower than the majority of the data. The results of the fit are given in Tables I1a
and IIb.

The 22,-23; transitions were included in the fit at zero weight (see Table IIb). In
spite of much effort, we are unable to suggest why these transitions fit so badly (residuals
of 10 to 15 MHz). We are confident of the assignment because there are no other
suitable transitions in that spectral region and the K-doubling is reproduced very well.
An examination of the assignment rules out a local perturbation from levels differing
in N or K by one unit in the same spin component. We have also examined the
predicted eigenvalues but found no coincidences. Weighting these transitions and
varying additional parameters merely degraded the overall quality of fit.

The parameters obtained are shown in Table III. The parameters quoted are not
in all cases those fitted by the ASYTOP program. In the case of ¢,., £8°, £7°, and the
hyperfine parameters, the fit is made to spherical tensor components, which are linear
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TABLE 1V

A Comparison between Experimental and Calculated Values
of the Electron Spin g-Tensor Anisotropies for HS,

Component g3© Agge » —¢/2Baa"
a 2.07809(47)° 0.0761 0.0773
b 2.0205(11) 0.0275 0.0265
c 2.0013(11) -0.0007 -0.0006

2 The anisotropy Ag§” is defined as (g§* — g.), where g is the isotropic electron
spin g-factor which is taken to be 2.0020 (allowing for a small, relativistic correction)
in the present calculation.

b Estimate of the g-tensor anisotropy from Curl’s relationship (/9).

¢ The figures in parentheses are one standard deviation of the least-squares fit, in
units of the last quoted decimal place.

combinations of the quoted parameters. It is, therefore, not possible to constrain any
one of these parameters to a particular value in the fit. In this work this consideration
only applies to the g values.

Where parameters have been fitted as linear combinations, such as the tensor com-
ponents mentioned above, the standard deviations have been calculated as the deviation
of the quoted parameter, taking into account the correlation between parameters.

DISCUSSION

In this paper we report the observation and analysis of the far-infrared LMR spectrum
of the HS, radical in the (0, 0, 0) vibrational level of its ground X 24" electronic state.
This has resulted in the determination of previously undetermined molecular param-
eters and the refinement of several others.

The millimeter-wave spectrum of the HS, free radical has been studied by Yamamoto
and Saito (7). They observed rotational transitions of both HS, and DS, and deter-
mined an r, structure from their results: r.(S-H) = 0.1362(3) nm, r.(S-S8) =
0.19650(7) nm, and «,(HSS) = 101.7(4)°. They also used vibrationally averaged
values from an harmonic force field to derive an r, structure which they compared
with the results of a recent ab initio calculation by Zhuo ef al. (8). The agreement
was very close. The values of the molecular parameters determined by Yamamoto
and Saito agree well with those of the present work, which is not surprising since we
have incorporated their data in our fit. Their values for B and C of HS, (7996.378(23)
and 7776.723(23) MHz, respectively) agree almost exactly with ours (see Table III'}.
However, the value for 4 of 29 6974.403(32) MHz is 5 MHz smaller than ours. This
is because they estimate a value for the centrifugal distortion parameter Agx of 19.7
MHz. Since we observe transitions with high K, values, we have been able to determine
that the correct value for Ak for HS; in its ground state 1s 24.339(10) MHz, significantly
different from the previously assumed value. Because Yamamoto and Saito were able
to determine only the quantity (4 + Ag) from their measurements, this produces a
similar error in the value for A also.

In a nonlinear free radical like HS;, the orbital angular momentum is almost com-
pletely quenched and the fine structure splittings arise from second-order spin-orbit
coupling effects which manifest themselves as spin-rotation coupling in the effective
Hamiltonian (/7). This interaction can be described predominantly by three diagonal
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TABLE V

Molecular Parameters of the HS,, HSO, and HO, Radicals in the (0, 0, 0)
Vibrational Levels of Their Ground X24” Electronic States

Parameter® HO,? HSOe HS,/
A 610 273.223 | 299 484.63 296 979.060(13)"
B 33 517.816 20 504.56 7 996.3819(47)
C 31 667.654 19 133.93 7 776.7198(48)
A 0.11693 0.03070 0.00588684(62)
ANk 3.44552 0.8960 0.233573(30)
Ax 123.572 27.2 24.339(10)
6y x 10° 6.13 1.93 0.15580(28)
bn 2.017 0.89 0.1390(24)
Dpn x 10 1.051 0.321(12)
D x 10° 9.69 8.68(61)
€aa -49 571.409 | -10365.99 | —45 926.824(34)
€ -422.755 -426.656 —424.0583(83)
€ec 8.605 0.226 9.8204(90)
Yal€as + €3] 193.95 378.0 234.6966(49)
8% 0.079
N 23.061 2.953 6.429(22)
WK 0.1261 0.038 -0.06261(75)
(O)n -27.48° -36.37 —22.60(15)
(aa)n -8.34¢ -11.96 —5.98(15)
(bb)u 19.74¢ 10.44 5.892(30)
(ab)r -18.3¢ -7.8 -1.783(26)
95" 2.04204¢ 2.07809(47)
9¢ 2.00790* 2.0295(11)
95 2.00152* 2.0013(11)
ge x 10° -9.857¢ —3.996(66)
g% x 10° -1.85¢ ~0.54810
gse x 10° ~0.018476
r(H-X) 0.09974° 0.1494° 0.1352
r(Y-X) 0.13339° 0.1389° 0.19606*
O(HXY) 104.15¢ 106.6° 101.7*

2 Parameter values given in MHz where appropriate.

5 From Ref. (11).

¢ From Ref. (22).

4 From Ref. (23).

¢ From Ref. (12).

S Present work.

# The figures in parentheses are one standard deviation of the least-squares
fit in units of the last quoted decimal place.

! From Ref. (7).

components of the spin-rotation tensor, ¢,,, €, and e, where a, b, and ¢ denote the
principal axes of inertia. For HS,, an off-diagonal term, the average of ¢,, and ¢,,, is
also required to describe certain energy levels (16). Hirota (18) gives a simplified
expression for e,,,

2
éaa=4AsoBaZ(~l)‘"| AL\n)| (3)

E(n) - E(0)°

n
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where the exponent s, is even or odd depending on the type of excitation 0 — n.
In HS,, the axial (a) component of this tensor arises predominantly from coupling
between the two Renner-Teller components deriving from the 2II state in the
linear configuration, the X 24" and the 424’ states. Taking the values for 4 and
€40 from Table I1I and the value of 7255 cm™! for the X to A energy separation
from Ref. (4) and assuming Asq is the spin-orbit coupling constant for atomic
sulfur (382 cm™', Ref. (10)), we obtain an estimate for the dimensionless quantity
[0l L,|n>| of 0.857. This value is somewhat smaller than the value of 1.0 expected
for a I1 state and can be attributed to the vibrational overlap factor being slightly
less than unity.

The g-factors determined in the LMR experiment also carry information on the
electronic structure of HS,. For example, Curl (/9) has shown that the anisotropy in
the electron spin gs tensor can be related to the components of the spin—rotation tensor

Ag§“5g§“—ge=-2%:, (4)
where g, is the isotropic (free electron) value for the g-factor. The relationship can be
tested for all three principal components of the g3 tensor from the present data. The
results are given in Table IV, where it can be seen that the agreement is impressively
good, perhaps because the spin-rotation tensor components are completely determined
by off-diagonal spin-orbit coupling effects of the relatively heavy sulfur atoms.

One component of the rotational g-factor has also been determined: g2 =
—0.3996(66) X 1072. This compares well with the value predicted by the formula
given by Brown and Sears (16):

ge =% = —0.401 X 102, (5)
$s

The three analogous radicals, HO,, HSO, and HS,, have now been well characterized
in their ground states. The molecular parameters for these species have been collected
in Table V. The behavior of the parameter values through the series can be rationalized
and interesting comparisons drawn. For example, the values for Ay (116.9, 30.7, and
5.89 kHz respectively) are very close to those for the corresponding diatomic molecules
0O,, SO, and S, (145.1, 34.0, and 5.7 kHz, respectively (20)). This suggests that the
A-B stretching force constant in the HAB molecule is very similar to that in the
diatomic molecule AB. Again, the increased anisotropies in the electron spin g-factor
gs for HS, compared with HO, marks the increase in spin-orbit coupling in going
from O (¢{=15lcm™ ) toS(¢=382cm™).

The HS, radical is now very well characterized in its ground 2 4” state. The molecule
has also been detected in the next higher 424’ state (5). Very recently, better quality,
higher resolution recordings of the 424'-X 24" system have been made (2/). Work
is now in progress on the analysis of this spectrum, using the results of the present
paper and those of Ref. (7).
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